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In this experimental research, the continuous-upflow lab-scale combined A/O Moving-Bed Biofilm Reactors (MBBRs), with 50%
A/O volume ratio and 100% internal NO;™ recycling ratio, were constructed to treat 60 L/day of domestic wastewater in Basra
Province (Southern Iraq) under full nitrification-denitrification processes. The A/O treatment system consists of Plexiglas square
anoxic reactor with effective volume (15 litters), Plexiglas square aerobic reactor with effective volume (30 litters), and 250-litter
Plexiglas square primary and final settling tanks. Cylindrical K1 plastic Kaldnes carriers with density of 0.93 g/cm’ were added to
both reactors with 60% filling ratio to achieve the process of biofilm attaching. The A/O treatment system was operated under the
batch mode for four weeks for development of biofilm; then the system was operated in continuous-upflow mode with total
hydraulic retention time (HRT) equal to 18 hours and five different gas: water ratios (5:1,7:1,10:1,15:1, and 20:1) in order to
investigate the effect of gas: water ratio on the total performance of A/O system. The study results illustrated that gas : water ratio
has no effect on the removing of NH,*-N and COD, while it significantly affects the removing of TP and TN. The optimum value
of gas: water ratio is 7: 1, with the average value of removal efficiency (R%) of TP, TN, NH,"-N, and COD being 84.49%, 78.67%,
97.27%, and 95.56%, respectively. Under this value of gas : water ratio, the average values of dissolved oxygen (DO) in both aerobic

MBBR and anoxic MBBR are 3.96 mg/L and 0.181 mg/L, respectively.

1. Introduction

For more than one century, the traditional techniques were
used in order to treat the municipal wastewater, such as the
technology of conventional activated sludge. These tech-
niques need to expand numerous times in order to produce
higher quality effluent due to the increase of hydraulic and
organic loads, with stringent limitation of discharge for
varjous pollutants. The conventional activated sludge pro-
cess was even modified numerous times in order to meet all
challenges, but it still has some shortcomings such as sludge
rising, sludge treatment, and large footprint. Therefore, it is
necessary to present an alternative and successful technology
with minimum reactors volume in order to treat different
kinds of effluents. The process of Moving-Bed Biofilm

(MBB) was presented to overcome the drawbacks identified
in the process of conventional activated sludge [1-4].
Today, the technology of MBB became the most famous
and alternative process for wastewater treatment under
different conditions, especially for nitrogen and phosphorus
removal from different kinds of wastewater such as landfill
leachate [5], domestic wastewater [2, 3, 6-13], dairy
wastewater [14, 15], cheese factory wastewater [16], paper
industry wastewater [17], and fish farming wastewater [18].
Firstly, this technology was developed in Norway in 1990
and then introduced in United States in 1995; in 2009 more
than 600 municipal and industrial wastewater treatment
plants used the technology of MBB in 50 different countries
all over the world [4, 19]. MBB technology is based on the
principle of biofilm that offers the advantages of both
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attached and suspended biomass systems, in order to be
more reliable than activated sludge process for organic
carbon and nutrients removal without any disadvantages, by
adding small polyethylene media elements with density less
than the density of water (<1 g/cm’) and with a large surface
area into the reactors for biofilm attachment. This way, the
media elements will allow a high concentration of biomass in
the reactors compared to the process of suspended growth,
and the reactor volume is totally mixed without any unused
or dead part in the reactor [3, 14, 20-24].

After 25 years of continuous operation of MBB process,
the researchers concluded that the main benefits of this
technology include the following [24-26]:

(1) Small head loss
(2) No sludge recycling
(3) Small size units with compact form

(4) Reduced sludge production without any problems in
sludge bulking

(5) Increased treatment capacity

(6) No need for filter channeling and periodic backwash

Sixty to seventy percent from the total nitrogen (TN) in
domestic wastewater is ammonium (NH,"-N) which de-
rived from rapidly breaks down of urea [27, 28]. In domestic
wastewater, the total phosphorus (TP) is present as it is an
essential nutrient and part of the energy cycle of a cell. It is
used in detergents, cleaning agents, and fertilizers and is
present in human and animal waste. The high levels of TN
and TP in wastewater cause many problems, such as toxicity,
eutrophication, and oxygen consumption. The controlling of
the TN and TP concentrations in wastewater discharge into
the environment is becoming more stringent, for regulations
of the eutrophication rate, and this led to considering the TN
and TP as a major concern in the design and operation of
wastewater treatment facilities [2, 3].

TN removal from the wastewater can be achieved by a
combination of nitrification process (under the condition
of aeration) and denitrification process (under anoxic or
anaerobic conditions) [2, 25]. The most important prob-
lem in biological nutrients removal from wastewater is the
removal of NH,"-N [29]. In aerobic reactor and under the
process of full nitrification, the NH3*-N is firstly converted
to nitrite (NO,") by Nitrosomonas bacteria, and then the
Nitrobacter microorganisms oxidize the NO,™ to nitrate
(NO;™) [7, 25, 30]. The NH3"-N oxidation is strongly
dependent on the concentration of dissolved oxygen (DO);
atleast 2mg/L of DO is normally used in the process of full
nitrification, while DO concentration becomes in the
range of 0.5-1.5mg/L under the process of partial nitri-
fication (NH;"-N oxidized to NO,™ only) [30-35]. On the
other hand, the denitrification process can be achieved in
anoxic and/or in anaerobic reactor (DO <0.5mg/L) by
using NO;~ and NO,™ as electron acceptors instead of
oxygen for organic matter oxidation; NO;™ is converted to
NO,~ then to nitrous oxide (N,O), N,O is converted to
nitric oxide (NO), and finally the NO is converted to
nitrogen gas (N,) [25, 29, 36, 37].
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In this research, the effects of gas:water ratio on the
removal of chemical oxygen demand (COD), NH,*-N, TN,
and TP from domestic wastewater in Basrah Province
(Southern Iraq) were investigated using the technology of
upflow combined A/O Moving-Bed Biofilm Reactors with
50% A/O volume ratio, 100% internal nitrate recycle ratio,
and 60% carriers filling ratio in both reactors. In order to
evaluate the optimum value of gas:water ratio, the A/O
system was operated under five different ratios (5:1,7:1,10:
1, 15:1, and 20:1).

2. Materials and Methods

2.1. Experimental Setup. The designed experiments were
conducted using continuous-upflow lab-scale combined A/
O MBBRs in series form to treat 60 L/day from domestic
wastewater in Basra Province (Southern Iraq). The A/O
treatment system consists of Plexiglas square primary set-
tling tank (0.75m x 0.75 m x 0.5 m), Plexiglas square anoxic
reactor with total effective volume of 15 litters
(0.25m x 0.25m x 0.3 m), and Plexiglas square aerobic re-
actor with total effective volume of 30 litters
(0.35m x 0.35m x 0.3 m) followed by a Plexiglas square final
clarifier (0.75m x0.75m x 0.5m). The anoxic MBBR was
built in order to achieve the denitrification process, while the
aerobic MBBR was constructed to provide the full nitrifi-
cation process. In order to collect samples, the sampling
ports were provided in each reactor. In this research, the
cylinder plastic Kaldnes K1 carriers (25 mm x 10 mm) with
500 m*/m” surface growth area and 0.93 g/cm’ density were
used for attached biofilm growth in both anoxic and aerobic
MBBRs with filling ratio equal to 60%. The biofilm carrier
elements were retained inside the MBBRs using a small size
sieve with two-millimeter opening diameter. Figure 1 shows
the sketch of the lab-scale A/O MBBRs.

The biofilm carriers were kept in continuous movement
inside the aerobic reactor by the action of aeration system,
which consists of two fine bubble diffusers at 0.05 m from the
bottom of aerobic MBBR, air compressor with capacity equal
to 150 L/min, rotameter, and regulated valve. Anoxic MBBR
was stirred by the propeller mixer in reactor center with
fixed propeller speed of 50 rpm. The temperature inside the
reactors was controlled in the range of 25°C+1°C using
aquarium heaters.

2.2. Procedure of Operation. Research experiments were
done from May 2018 to the end of October 2018 (approx-
imately 6 months). The reactors of the A/O system are
inoculated with activated sludge from the municipal
wastewater treatment plant of HAMDAN (Basra Province,
Southern Iraq). First, the seed sludge was screened with
small size sieve to remove any inorganic materials and then
aerated for 3 days at the temperature of the room. Finally, the
aerated sludge was mixed with the domestic wastewater by
67% ratio, and 34% of each A/O reactor was filled. The start-
up phase began by operating the system in batch mode (2-
hour fill, 18-hour aeration with gas : water ratio equal to 10/1
in aerobic MBBR and mixing in anoxic MBBR, 2-hour
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FiGure 1: Sketch of the lab-scale A/O MBBRs.

settling time, and 2 hours for 100% discharge period). The
Kaldnes K1 media elements were acclimated in the batch
mode for 4 weeks for development of biofilm.

After start-up period was finished the biofilm appeared
on carrier elements, and the total concentrations of the
mixed liquor suspended solids (MLSS) reached 2364 mg/L
and 3640 mg/L in both MBBRs, respectively. At the start of
the 5th week, the A/O system was operated in continuous
mode with total HRT of 18 hours (anoxic HRT of 6 hours and
aerobic HRT of 12 hours), 100% internal nitrate recycle ratio,
five different gases and water ratios of 5:1,7:1, 10:1, 15:1,
and 20:1. During this operation mode, the average con-
centrations of pH in both anoxic MBBR and aerobic MBBR
equal 7.64 and 7.47, respectively, while the average con-
centrations of total MLSS were 2151 mg/L and 3219 mg/L,
respectively.

All samples of ammonium, total phosphorus, total ni-
trogen, and chemical oxygen demand were collected from
the A/O system 2 times a week and analyzed in accordance
with the standard methods mentioned in APHA (2005) [38].
pH, DO, and temperature were measured in both reactors
immediately before sampling. The concentration of the at-
tached biofilm in the Kaldnes K1 carrier elements was
obtained according to the method described by
(11, 12, 17, 39].

3. Results and Discussion

The continuous-upflow lab-scale combined A/O MBBRs
with 50% A/O volume ratio were built to treat 60 L/day from
the domestic wastewater in Basra Province (Southern Iraq)
under full nitrification-denitrification processes (DO con-
centration in aerobic MBBR>2mg/L) for simultaneous
removal of COD, TN, and TP. The treating system was
operated without sludge recycle and with total HRT of 18
hours, internal NO;™ recycle ratio of 100%, and 5 different
gas: water ratios (5:1,7:1,10:1,15:1, and 20: 1) in order to
evaluate the optimum value of gas:water ratio giving the
best nutrients removal. The experimental operation data of
A/O system were presented in Tables 1 and 2 and shown in
Figures 2-11.

TaBLE 1: Characteristics of domestic wastewater during continuous
operation mode.

Concentrations (mg/L)

Pollutants o
Range Average Standard deviation

COD 183.8-397.2 311.27 69.14

NH,"-N 25.3-53.9 39.72 9.22

TN 26.76-58.5 45.27 10.01

TP 2.02-6.11 3.59 1.07

Nitrification process is highly dependent on the con-
centration of DO in terms of its effect on the growth rates of
Nitrosomonas and Nitrobacter microorganisms. According
to Wiesmann, the influence of the DO concentration on the
Nitrobacter bacteria (about 1.1 mg/L) was greater than that
on the Nitrosomonas bacteria (about 0.3 mg/L) [40]. Park
and Noguera observed changes in the specific population
growth of Nitrobacter bacteria under low DO concentration
[41]. Both the concentration of DO in the aerobic reactor
and the internal NO;™ recycling ratio have great effects on
the DO concentration in the anoxic reactor and conse-
quently on the denitrification rate. The reactions of deni-
trification can be inhibited by the increase of DO in anoxic
MBBR because oxygen functions as the electron acceptor
instead of NO; ™, and the enzymes involved in denitrification
will be repressed by the action of aerobic conditions
[2, 3, 42]. As the rate of nitrification increases, the deni-
trification rate increases and more organic carbon will be
removed provided that the DO concentration in the anoxic
reactor remains within the permissible limits (DO < 0.5 mg/
L) [2, 3, 43]. Under anoxic condition part of the NH,"-N and
COD was consumed by denitrifying phosphate-accumu-
lating organisms in order to treat some of the TP using only
NO; ™ as electronic acceptor [2, 3, 44, 45]; also some of
NH,"-N is converted directly to dinitrogen gas by using only
NO,™ as electronic acceptor [46, 47]. Under aerobic con-
dition, the COD is consumed by a contest between het-
erotrophic microorganisms and phosphate-accumulating
bacteria, while the DO is consumed by Nitrosomonas bac-
teria, Nitrobacter bacteria, phosphate-accumulating bacteria,
and heterotrophic microorganisms [2, 3, 25].
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The average concentrations of DO in A/O MBBRs under
different gas : water ratios are shown in Figure 2. During the
first continuous-flow operation mode and when the gas:
water ratio equaled 5:1, the average DO concentrations in
both aerobic MBBR and anoxic MBBR were 2.43 mg/L
(standard deviation (sd)=0.17mg/L) and 0.126 mg/L
(sd=0.03mg/L), respectively. When the gas:water ratio
increased to 7:1, the average DO concentrations in both A/
O MBBRs increased by 62.96% (DO =3.96mg/L, with
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sd=0.11mg/L) and by 43.65% (DO=0.181mg/L, with
sd =0.01 mg/L), respectively. The continuous recycling of
NO;~ from the aerobic zone to the anoxic zone led to in-
crease in the DO concentration in the anoxic MBBR, so the
gas:water ratio increased, and the DO in anoxic MBBR
increased until exceeding the permissible limit (0.5 mg/L)
and reached 0.65 mg/L (sd = 0.08 mg/L) when the gas: water
ratio became 10:1. At gas : water ratio of 10:1,15:1, and 20:
1, the A/O MBBRs treatment system became similar to the
aerobic system with 2 aerobic MBBRs because DO in anoxic
MBBR exceeded the permissible limit value, which is re-
quired to achieve the denitrification process, where the
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average concentration of DO in anoxic MBBR reached
0.94 mg/L (sd =0.04 mg/L) at gas: water ratio of 15:1, and
1.2mg/L (sd=0.16 mg/L) at gas: water ratio of 20:1.

The results obtained from this study indicated that the A/
O MBBR treatment system with 50% A/O volume ratio
worked with high efficiency for removing both NH,"-N and
COD, and there was no significant effect of gas: water ratios
on the efficiency of the system, where R% of both NH,*-N
and COD at different gas: water ratios (5:1,7:1,10:1,15:1,
and 20:1) is in the range from 88.77% (sd=4.94%) to
99.56% (sd =0.24%), and from 91.27% (sd=2.24%) to
97.51% (sd = 0.59%), respectively. At gas: water ratio of 5:1,
the average effluent of NH,"-N and COD is 4.34mg/L
(sd=1.36 mg/L) and 25.9mg/L (sd=3.49mg/L), respec-
tively, while these concentrations become <1 mg/L for
NH,"-N and <13 mg/L for COD when the gas: water ratio
becomes in the range 7:1-20:1.

The gas : water ratio significantly affects the performance
of A/O MBR treatment system for removing of TN and TP.
At gas: water ratio of 5:1, R% of both TN and TP is 55.46%
(sd=8.11%) and 73.05% (sd = 11.6%), respectively, while the
average eftluent is 20.5 mg/L (sd =4.3 mg/L) and 1.01 mg/L
(sd=0.23 mg/L), respectively. As gas: water ratio increased
to 7:1, R% of both TN and TP increased by 41.85% (R% =
78.67% with sd =4.04%) and by 15.66% (R% = 84.49% with
sd =3.23%), respectively. At this value of gas : water ratio, the
average effluent of TN becomes <10 mg/L, while that of TP
becomes <1 mg/L; these values of average effluent concen-
tration can meet many standards of wastewater treatment.
When gas:water increased to 10:1, R% of TN and TP
dramatically decreased by 37.13% and 49.91%, respectively,
while the average effluent concentration increased to
20.15mg/L (sd=2.62mg/L) for TN and to 1.52mg/L
(sd=0.18 mg/L) for TP. At gas: water ratio of 15:1-20:1, R
% of TN and TP is in the range from 45.33% (sd = 1.97%) to
48.44% (sd=6.68%), and from 25.02% (sd=7.7%) to
32.47%(sd = 6.36%), respectively, while the average effluent
of TN is >22 mg/L and average effluent of TP is >2.4 mg/L.
Finally, the system of A/O MBBRs with 50% A/O volume
ratio works efficiently for simultaneous nutrients and or-
ganic carbon removals only with gas: water ratio of 7:1.

4. Conclusions

According to the results obtained from this research, the
following conclusions can be drawn:

(1) The concentration of DO in the aerobic reactor, A/O
volume ratio, and the internal NO;™ recycling ratio
have great effects on the DO concentration in the
anoxic reactor and consequently on the denitrifi-
cation rate

(2) The continuous recycling of NO;™ from the aerobic
zone to the anoxic zone leads to increase in the DO
concentration in the anoxic MBBR, until exceeding
the permissible limit (0.5mg/L) and reaching
0.65mg/L at gas:water ratio 10:1

(3) The A/O MBBR treatment system with 50% A/O
volume ratio and internal NO;™ recycling ratio of

100% works with high efficiency for removing both
NH," -N and COD, and there was no effect of gas:
water ratios on the performance of the system

(4) The gas: water ratio significantly affects the perfor-
mance of A/O MBR treatment system with 50% A/O
volume ratio and internal NO;™ recycling ratio of
100% for removing TN and TP

(5) The optimum gas: water ratio is 7:1, with the av-
erage removal efficiency of TP, TN, NH,"-N, and
COD being 84.49%, 78.67%, 97.27%, and 95.56%,
respectively. Under this value of gas : water ratio, the
average DO in both aerobic MBBR and anoxic
MBBR is 3.96 mg/L and 0.181 mg/L, respectively

(6) The A/O MBBR treatment system with 50% A/O
volume ratio, internal NO;~ recycling ratio of 100%,
and gas: water ratio of 7:1 under full nitrification-
denitrification processes is very useful and sufficient
technology for simultaneous nutrients and organic
carbon removals
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